We study kaonic atoms over the periodic table using a kaon self-energy in the nuclear medium derived from the SU͑3͒ chiral unitary model. This model is quite successful in reproducing the scattering amplitude of meson meson and the strangeness SϭϪ1 meson baryon reactions. In particular the properties of the ⌳(1405) resonance are well reproduced. In the nuclear medium the properties of this resonance are appreciably modified, and consequently the kaon nucleon scattering amplitudes, leading to an attractive kaon nucleus selfenergy for densities higher than 0 /25. With this interaction we are able to reproduce shifts and widths of kaonic atoms over the periodic table. We also investigate the region of deeply bound kaonic nuclear states which appear with very large widths in medium and heavy nuclei. Some of the deep atomic states, still unobserved, appear with narrower widths than the separation between levels, which makes them eligible for experimental observation. To this end, we make some estimates of the rates of formation in the (K Ϫ ,␥)
I. INTRODUCTION
Kaonic atoms carry important information of the K Ϫ -nucleon interaction in a nuclear medium. This information is very important for the constraints of kaon condensation in high density matter. The properties of kaons in nuclei are largely influenced by the change of the ⌳(1405) in the nuclear medium, since ⌳(1405) is a resonance state just below the kaon nucleon threshold.
In fact, there were studies of kaonic atoms by modifying the properties of ⌳(1405) in the nuclear medium ͓1-3͔. These works demonstrated the ability of reproducing the kaonic atom properties, which come out to be as good as the phenomenological study of Batty ͓4͔. Recently, there have been very important developments in the description of hadron properties in terms of the SU͑3͒ chiral Lagrangian. The unitarization of the chiral Lagrangian provides the ⌳(1405) resonance state as a baryon-meson coupled system ͓5,6͔. It is particularly interesting to mention that the use of the complete set of meson-baryon states that can be built from the states of the SU͑3͒ flavor octets of baryons and mesons, together with a suitable cutoff in the loops, is able to provide the ⌳(1405) resonance with only the lowest order chiral coupling terms ͓6͔.
It is then very natural to study the properties of ⌳(1405) in the nuclear medium using the SU͑3͒ chiral unitary model. This work has been performed by Waas et al. ͓7͔, Lutz ͓8͔ , and Ramos and Oset ͓9͔. All of them have considered the Pauli effect on the intermediate nucleons. In addition in ͓8͔ the self-energy of the kaon in the intermediate states is considered and in ͓9͔ the self-energy of the pions and baryons is also taken into account. These approaches lead to a kaon self-energy in the nuclear medium which can be tested with K Ϫ atoms. In this work, we take the scattering amplitude in the nuclear medium calculated by Ramos and Oset ͓9͔ for the case of kaonic atoms. First of all, we demonstrate the ability of reproducing the existing kaonic atom data as the optical potential of Batty ͓4͔. We then calculate the deeply bound kaonic atoms for 16 O and 40 Ca, which are found to have narrow widths and are expected to be observed by proper methods. We also get very deep kaonic nuclear states, which have large decay widths of the order of several tens of MeV.
Since the standard method of measuring the kaonic atoms is limited to those atomic states with small widths, less than ⌫р1 keV, other methods would have to be explored. Recently, we have witnessed the usefulness of the direct reactions for the formation of the deeply bound pionic atoms by using the (d, 3 He) reactions ͓10-12͔. However, in the present case one would have to produce a K ϩ in addition and there would be a large momentum mismatch. For this reason the (K Ϫ ,␥) reaction would be more suitable and we have calculated the rates for the formation of kaonic atoms and deeply bound kaonic nuclear states on 40 Ca using the formulation developed for the formation of deeply bound pionic atoms with the ( Ϫ ,␥) reaction in ͓13͔. This paper is arranged as follows. In Sec. II we sketch the chiral unitary model for the calculation of the kaon-nucleon scattering amplitude in the medium. This amplitude provides the kaon-nucleus optical potential for kaonic atoms, which is discussed in Sec. III. In Sec. IV we present the numerical results for kaonic atoms. The results are compared with those with phenomenological potentials and with experimental data. We study also the deeply bound kaonic nuclear states for 40 Ca. We calculate the (K Ϫ ,␥) cross sections for the formation of kaonic atoms and deeply bound kaonic nuclear states in Sec. V. Finally, Sec. VI is devoted to a summary of this paper. The K Ϫ N t matrix is obtained in ͓6͔ through the iteration of the lowest order Lagrangian in a coupled channel BetheSalpeter equation
where V and t appear to be factorized with their on-shell values in the VGt combination, and G is the loop integral of meson and baryon propagators. Diagrammatically the series implicit in Eq. ͑1͒ is shown in Fig. 1 . The K Ϫ self-energy is evaluated in detail in Ref. ͓9͔ for nuclear matter by means of the integral
where N stands for protons or neutrons and t (m) is the K Ϫ N scattering matrix in the nuclear medium with density . In Eq. ͑2͒, n(p ជ ,) denotes the occupation probability of momentum states in the Fermi sea in the nuclear medium at finite density . Only the s-wave amplitude is considered, which is the one of relevance for K Ϫ atoms. The t (m) matrix is evaluated with the same equation ͑1͒ but modifications are done in the meson and baryon propagators of the loops to incorporate the medium effects. The states allowed in the loops are K N, ⌺, ⌳, ⌺, ⌳, and
K⌶.
The modifications are the following. ͑1͒ Pauli blocking in the nucleon propagators. This effect was proved to be very important in ͓7,14͔. Since now one needs to place the intermediate nucleon states on top of a Fermi sea, this costs more energy and the net effect is a shift to higher energies of both the real and imaginary parts of the ⌳(1405) dominated K Ϫ p amplitude. The shift of the real part automatically produces an attractive K Ϫ self-energy already at very small densities.
͑2͒ However, if the K Ϫ self-energy acquires a negative value, then it costs less energy to produce the ⌳(1405) resonance and this produces a shift of the K Ϫ p amplitude towards lower energies. This means that a self-consistent evaluation becomes necessary here and this was first proved in ͓8͔, where it was found that the consideration of the K Ϫ self-energy together with Pauli blocking on the nucleons led to modifications of the ⌳(1405), mostly on the imaginary part ͑the resonance becomes wider͒, while the position was barely changed. In Ref.
͓9͔ the K Ϫ self-energy is also considered and a self-consistent evaluation is also done.
͑3͒ In addition to the former ingredients new effects are considered in ͓9͔; i.e., the pion self-energy in the ⌺, ⌳ channels is also taken into account, allowing the pions to excite ph, ⌬h, and 2 p2h components. The difference of binding between the nucleons and ⌺ or ⌳ is also incorporated.
The results obtained are qualitatively similar to those found in ͓8͔ except that the imaginary part of the K Ϫ p amplitude becomes even wider and essentially flattens at full nucleon density ϳ 0 .
The K Ϫ self-energy obtained in ͓9͔ from the interaction of the K Ϫ with protons and neutrons in symmetric nuclear mat-
is parametrized here in terms of a density dependent complex effective K Ϫ scattering length, such that
2 )͉p ជ F ͉ 3 , in order to facilitate a comparison with the effective scattering length derived from fits to the K Ϫ atom data. The results are shown in Fig. 2 .
One can see in Fig. 2 that Re a e f f passes from negative to positive ͑repulsive to attractive͒ from ϭ0 to у 0 /25. Thus, the chiral unitary model provides the attractive kaonnucleus optical potential naturally while keeping the repulsive sign for the kaon-nucleon scattering length in the free space. In Fig. 2 , we also show the phenomenological scattering length obtained by Batty ͓4͔ from fits to the kaonic atom data. We find that both results are similar at ϳ 0 /4. Since the kaonic atom data are also reproduced well by the chiral unitary model, as we will see later on, it seems that the strong shifts and widths of the kaonic atoms are mainly determined by the optical potential strength at a certain nuclear density, ϳ 0 /4. This was the case of pionic atoms ͓15͔ although the effective densities felt by the pions were different.
We would like to mention other density dependent scattering lengths obtained by the phenomenological fit of ͓16͔. One of their results can be written as a e f f ͑ ͒ϭ͑ Ϫ0.15ϩ0.62i ͒ϩ͑ 1.66Ϫ0.04i ͓͒/ 0 ͔ 0.24 ͓fm͔. ͑4͒
The real part of this effective scattering length also changes its sign and provides an attractive interaction in the nuclear medium. However, the real part depends on the density much more strongly than our results and gives Re a e f f ( 0 ) ϭ1.51 ͓fm͔. On the other hand, the density dependence of the imaginary part is rather flat and the strength is similar to our results.
III. KAONIC ATOM STRUCTURE
We study the properties of kaonic bound states by solving the Klein-Gordon equation
Here, is the kaon-nucleus reduced mass and V Coul (r) is the Coulomb potential with a finite nuclear size:
where p (r) is the proton density distribution. We take the Woods-Saxon form for the density and keep the shapes of neutron and proton density distributions the same:
where we use Rϭ1.18A
Ϫ0.48 ͓fm͔ and aϭ0.5 ͓fm͔ with A the nuclear mass number.
The kaon-nucleus optical potential is related to the kaon self-energy in nuclear matter as ⌸ K ϭ2V opt . We use the optical potential in a finite nucleus. In coordinate space this is accomplished by means of the local density approximation ͑LDA͒, where of nuclear matter is substituted by (r) of the nucleus. This procedure is exact for the lowest order term in the density of the S-wave self-energy and arguments were given in ͓17͔ for the accuracy of the LDA in higher orders. At the same time the translation code from nuclear matter to finite nuclei for P waves was also given. Thus, we have
with the effective scattering length a e f f and defined in Sec. II.
We solve the Klein-Gordon equation numerically following the method of Oset and Salcedo ͓18͔. The applications of the method to the pionic atom studies were reported in detail in Ref. ͓19͔.
IV. NUMERICAL RESULTS
We show here the numerical results on kaonic atoms with the optical potential obtained from the local density approximation using the chiral unitary selfenergy at various nuclear matter densities. We show in Fig. 3 the energy shifts and widths for several kaonic atoms in comparison with data. The calculated results agree with the experimental data well. The quality of the agreement is as good as the phenomenological potentials. We note, here, that the theoretical model does not contain any free parameter to reproduce the data.
The energy levels for atomic kaonic states in O and Ca are shown in Fig. 4 , where the results of the chiral model and those of the phenomenological model ͓Eq. ͑4͔͒ are compared. We can see that the results obtained with both potentials are very similar. We find that the deep atomic states such as 1s in 40 Ca, still unobserved, appear with narrower widths than the separation between levels and are predicted to be quasistable states. Similar results to those of the phenomenological potential shown in Fig. 4 were reported by Friedman and Gal ͓21͔.
In Fig. 5 , we show the energy levels including the shallow atomic and the deep nuclear kaonic states of Ca using the chiral unitary model potential. The shallow atomic states are shown by dashed bars. The deep nuclear ones are shown by solid bars with the numbers, which indicate the widths in units of MeV. These nuclear states have extremely large widths and will not be observed as peak structures in experiments.
Wave functions of 1s, 2p, and 2s kaonic atom states in Ca are shown in Fig. 6 for the cases with and without the strong interaction of the chiral unitary model. The finite-size Coulomb potential provides the wave functions depicted by dashed curves, which are pushed outwards by the strong interaction.
The wave functions of the deep nuclear kaonic states are depicted in Fig. 7 for the s and p states in Ca. The wave functions stay almost inside of the nuclear radius, which is about 3.5 fm for Ca. Hence, the widths become extremely large, of the order of 100 MeV.
V. KAONIC ATOM FORMATION
Usually the information on the kaonic atoms are obtained by the kaonic x rays after trapping slow negative kaons. In this case, deeper kaonic states below certain levels are not populated due to the kaonic absorption by the nucleus. Hence, we have to find another method to excite the kaonic states. The natural reaction to start with is the radiative kaonic capture reaction (K Ϫ ,␥). This type of reaction was studied in the context of the deeply bound pionic atom for- We use the same theoretical model to calculate the formation cross section, which is expressed as
͑10͒
where q and k are the incoming kaon and the emitted photon momenta, e 2 /4ϭ1/137, ⌰ the angle between q ជ and k ជ , (q) the incoming kaon energy, K the bound kaon energy, ⌫ nl the width of the kaonic state, and ⌽ nlm its wave function. M A is the mass of the initial nucleus and E(AK Ϫ ) the energy of final nucleus with the bound kaon. We neglect the recoil energy of the nucleus and approximate the incident kaon wave by a plane wave. This latter approximation is supposed to overstimate the rate of formation but the order of magnitude obtained should still be fine. We show the calculated angular distributions of (K Ϫ ,␥) reaction leading to kaonic atoms for T K ϭ20 MeV and for E ␥ ϭT K ϩB with B the binding energy of the atoms in Table  I and Fig. 8 . The peaks appear around 60°for both the 1s and 2p excitation cross sections.
The double differential cross sections leading to kaonic atoms at T K ϭ20 MeV for Ca are shown in Fig. 9 for ϭ60°. In this case all the p states are excited very clearly and could be observed in experiments provided enough resolution can be reached for the photon detectors. The solid curve shows the sum of all contributions including the contributions from the formation of the deep kaonic nuclear states. The result at T K ϭ10 MeV is shown in Fig. 10 . By lowering the incident kaon energy, we can reduce the momentum transfer and observe the 1s state more clearly. We should mention also that the background coming from the nuclear kaonic states is reduced.
VI. CONCLUSION
We have studied the kaonic atoms using the optical potential obtained by the chiral unitary model. The chiral unitary model is able to provide the ⌳(1405) resonance state in free space as the coupled channel state of flavor octet baryon and meson states. The chiral unitary model has been used then to calculate the K Ϫ p scattering amplitudes as a function of density in the nuclear medium by taking into account the medium effects on the baryons and the mesons. Hence, the scattering amplitudes thus obtained do not contain any free parameter. We have constructed the kaon-nucleus optical potential from the K Ϫ self-energy in nuclear matter by using the local density approximation.
We have calculated first the shallow kaonic atom states in a wide mass range and compared with the experimental data and also with the calculated results of Batty and co-workers ͓4,20͔. The agreement is very satisfactory.
We have then calculated all the kaonic states including the deeply bound kaonic nuclear states for Ca. We see that these deeply bound kaonic nuclear states have very large widths.
We have made some estimates for the formation cross sections of kaonic atoms with the (K Ϫ ,␥) reaction. We hope this reaction can be used for the study of kaonic atoms and deeply bound kaonic nuclear states.
